Cerebral cavernous malformation (CCM) is a vascular malformation in the central nervous system characterized by clusters of enlarged capillary cavities without intervening brain parenchyma.^[@bib1]^ Clinical manifestations can vary from asymptomatic or mild symptoms, such as headache, to more severe symptoms, such as seizures, focal neurological deficits and hemorrhage.^[@bib2]^ The prevalence of CCM in the general population has been reported to range from 0.39 to 0.53% according to large series of autopsies and magnetic resonance imaging (MRI) studies.^[@bib3],[@bib4]^ The familial form of CCM is particularly common in Hispanic-American patients with CCMs (\~50%); this form is distinguishable from the sporadic form owing to the multiplicity and *de novo* formation of CCMs.^[@bib5],[@bib6]^ Three autosomal-dominantly inherited loci, i.e., *CCM1* (7q21.2, MIM\*604214), *CCM2* (7p13, MIM\*607929) and *CCM3* (3q26.1, MIM\*609118), have been identified to date; within these respective loci, the Krev interaction trapped-1 (*KRIT1*), malcavernin (*MGC4607*) and programmed cell death 10 (*PDCD10*) genes act as causative genes of familial CCMs.^[@bib5]^ In the present study, we analyzed three Japanese families with segregating CCMs; two of these families included patients presenting *de novo* formation of CCM lesions and multiple cerebral and spinal lesions confirmed by MRI follow-up over a decade.

The first pedigree (pedigree A) harbored at least 10 affected members according to anamnestic data ([Figure 1a](#fig1){ref-type="fig"}). The proband (II:1) was a 63-year-old man. At 53 years of age, he was incidentally diagnosed with multiple CCMs on cerebral MRI ([Figure 1c](#fig1){ref-type="fig"}). Although he was asymptomatic during the follow-up period of 10 years, the most recent MRI showed a large number of *de novo* lesions in the brain compared with that at the initial diagnosis ([Figure 1d](#fig1){ref-type="fig"}). Because of his characteristic MRI findings and family history, his four children (III:1--4) underwent cerebral MRI despite the absence of clinical symptoms. As expected, their MRIs also showed multiple CCMs, with the exception of the daughter (III:3). The three affected sons (III:1, 2 and 4) were all asymptomatic during the follow-up period of 9 years; however, two of his sons (III:2 and 4) developed *de novo* CCMs in follow-up MRIs (data not shown). Detailed clinical data of the other affected relatives in this pedigree are not available.

The second pedigree (pedigree B) harbored at least six affected members according to anamnestic data ([Figure 1b](#fig1){ref-type="fig"}). The proband (II:5) was a 60-year-old man, who was also incidentally diagnosed with multiple CCMs on cerebral MRI at 50 years of age. However, he refused follow-up imaging studies because he remained asymptomatic after diagnosis. His 32-year-old son (III:5) presented with transient left hemiparesis associated with a CCM in the right side of the central area at 25 years of age ([Figure 1e](#fig1){ref-type="fig"}). Follow-up MRI at 7 years after onset showed multiple *de novo* lesions in the brain ([Figure 1f](#fig1){ref-type="fig"}). The other son of the proband (III:6) presented with consciousness disturbance associated with a hypothalamic CCM at 18 years of age ([Figure 1g](#fig1){ref-type="fig"}). His consciousness was recovered after surgical removal of the lesion; however, he suffered from permanent hypothalamic--pituitary dysfunction. At 22 years of age, he developed cerebellar hemorrhage from a *de novo* CCM ([Figure 1h](#fig1){ref-type="fig"}). Although he appeared to have recovered, he died suddenly of pulmonary embolism at 3 months after a second surgical removal. The proband's 63-year-old brother (II:3) presented with numbness in the bilateral lower extremities at 62 years of age. Spinal MRI showed a spinal cavernous malformation (SCM) at the level of Th 12 ([Figure 1i](#fig1){ref-type="fig"}). Cerebral MRI has not yet been performed for this patient. The proband's daughter (III:7) and the other family members were also not screened with cerebral MRI because they were clinically asymptomatic.

The third pedigree (pedigree C) consisted of a parent--offspring pair of patients. The proband was a 76-year-old father, whose daughter suffered intracerebral hemorrhage due to CCM; he presented with right shoulder pain at 73 years of age, and his symptoms progressed to sensory and motor disturbance of the right upper extremity, with eventual deterioration to tetraparesis at 7 months after onset. His MRI showed a cervical SCM with perifocal edema, indicating recent bleeding ([Figure 1j](#fig1){ref-type="fig"}) and multiple CCMs ([Figure 1k](#fig1){ref-type="fig"}). He remained severely disabled, even after the SCM was resected.

The Ethical Committee of Tokyo Women's Medical University approved the study protocols. After obtaining written informed consent, genomic DNA samples were obtained from 12 participants: the three affected members (II:1, III:1 and III:2) in pedigree A ([Figure 1a](#fig1){ref-type="fig"}); the three affected members (II:3, II:5 and III:5), three presumed intrafamilial controls (I:2, II:1 and II:6) and two relatives of unknown disease status (II:7 and III:7) in pedigree B ([Figure 1b](#fig1){ref-type="fig"}), and the proband in pedigree C ([Table 1](#tbl1){ref-type="table"}). PCR-based direct Sanger sequencing was performed in all coding exons and their exon/intron junctions for the *KRIT1* (NM_194456.1), *MGC4607* (NM_031443.3) and *PDCD10* (NM_007217.3) genes. From this analysis, three pathogenic mutations in *KRIT1* were detected from each of the three families, reflecting high allelic heterogeneity in patients with familial CCMs except for Hispanic-American patients harboring the founder p.Gln248Ter mutation (c.742C\>T, rs267607203) in this gene.^[@bib1],[@bib7]^ There were no pathogenic mutations in *MGC4607* or *PDCD10*.

The *KRIT1* mutation in pedigree A was a heterozygous transition at a splice donor site of intron 10 (c.845+1G\>A; [Figure 2a](#fig2){ref-type="fig"}). This mutation was shared among the three affected participants and was absent from the 1000 Genomes Project database (<http://www.1000genomes.org/>);^[@bib8]^ NHLBI GO Exome Sequencing Project (Exome Variant Server, <http://evs.gs.washington.edu/EVS/>); NCBI dbSNP144 (<http://www.ncbi.nlm.nih.gov/snp>); and Human Genetic Variation Database (<http://www.genome.med.kyoto-u.ac.jp/SnpDB/>).^[@bib9]^ To test the impact of this mutation on splicing, total RNA samples were obtained from peripheral blood leukocytes of the proband (II:1) and an unrelated healthy volunteer without CCMs confirmed by cerebral MRI (PAXgene Blood RNA Kit; Qiagen, Valencia, CA, USA). Complementary DNA (cDNA) was synthesized using a Transcriptor First Strand cDNA Synthesis Kit (Roche Diagnostics, Mannheim, Germany). Reverse transcription PCR covering a 799-bp cDNA sequence from exon 8 to exon 13 was performed using the following primers: 5′- GTAGTGAATCCAGTACTCATTTTGC-3′ and 5′- GCAGCTTCTTCCCAGTTGTT-3′, which showed altered splicing patterns for the mutant allele ([Figure 2b](#fig2){ref-type="fig"}). Sequencing of the subcloned PCR products (Mighty TA-cloning Kit; TaKaRa, Shiga, Japan) revealed three types of splicing variants. Although the second smallest fragment in the gel electrophoresis was a known splicing isoform lacking exon 10 (NM_001013406.1), the smallest fragment contained two aberrantly spliced variants having similar nucleotide sizes. One skipped exons 10 and 11, and the other skipped 131 bp in the end of exons 9 and 10, generating the immediate premature termination sequences p.Asp245TrpfsTer4 and p.Gln301AsnfsTer5, respectively ([Figure 2c](#fig2){ref-type="fig"}).

In pedigrees B and C, we identified two heterozygous frameshift mutations, i.e., c.1362_1363delTC ([Figure 2d](#fig2){ref-type="fig"}) and c.1153delA ([Figure 2e](#fig2){ref-type="fig"}), respectively. These mutations also resulted in the generation of premature terminations (p.Gln455ArgfsTer24 and p.Thr385GlnfsTer9) and were not listed in the above-mentioned four public databases. In pedigree B, the c.1362_1363delTC mutation was found in the three affected patients, but was not identified in the three intrafamilial controls. III:7 was an asymptomatic carrier who had not undergone cerebral MRI ([Figure 1b](#fig1){ref-type="fig"}).

These mutations were screened against the CCM Mutation Database (<http://www.angiomaalliance.org/pages.aspx?content=345&id=289>), NCBI ClinVar (<http://www.ncbi.nlm.nih.gov/clinvar/>) and PubMed (<http://www.ncbi.nlm.nih.gov/pubmed>). The c.845+1G\>A mutation^[@bib10]^ in pedigree A and the c.1362_1363delTC mutation^[@bib11],[@bib12]^ in pedigree B have been reported previously; however, until the current study, no functional studies had been performed to validate the impaired splicing of the c.845+1G\>A mutation. The c.1153delA mutation in pedigree C had not been previously reported.

Patients with CCM often remain asymptomatic,^[@bib2],[@bib5]^ whereas SCM tends to be more clinically progressive,^[@bib12]^ consistent with the clinical manifestations observed in our patients ([Table 1](#tbl1){ref-type="table"}). Early SCM resection has been reported to be associated with good outcomes,^[@bib13],[@bib14]^ although our patient with lumbar SCM (II:3, pedigree B) showed no neurological aggravation during conservative therapy. Therefore, both cerebral and spinal MRI should be considered for patients with multiple CCMs and their potentially affected relatives in order to achieve early diagnosis of subclinical SCM. Conversely, cerebral MRI should be also considered for patients with SCM and their relatives because CCMs occur in 17--42% of patients with SCM, and 12--57% of patients with SCM have a family history of cavernous malformation.^[@bib13],[@bib15]^

KRIT1, encoded by the *KRIT1* gene, interacts with the other two CCM proteins encoded by *MGC4607* and *PDCD10* to form a heterotrimeric CCM complex.^[@bib16]^ This complex regulates various signaling pathways represented by Rho/ROCK, whose inhibitor fasudil has been shown to reduce CCM lesions in *Krit1*-knockdown mice.^[@bib17],[@bib18]^ In a recent study, endothelial gain of mitogen-activated protein kinase kinase kinase 3 (MEKK3)-Krüppel-like factor (KLF) 2/4 signaling was shown to be a key biological process during early CCM formation due to disruption of the CCM complex. Endothelial-specific inactivation of *Mekk3* and its target genes *Klf2* and *Klf4* prevents CCM formation in neonatal mice with endothelial-specific deletion of *Krit1*.^[@bib19]^ For future therapies targeting such promising biological pathways, genetic testing and improved knowledge of pathogenic mutations in CCM genes will become increasingly important.
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![Clinical manifestations in the individuals in this study. (**a**, **b**) Genealogical trees of pedigrees A and B. Black-filled symbols: clearly affected individuals; symbol enclosing a vertical bar: asymptomatic carrier; crossed-out symbols: deceased individuals; arrows: probands. DNA sequencing was carried out in individuals denoted with an asterisk. (**c**--**k**) Magnetic resonance imaging of patients. T2-weighted axial brain images of II:1 in pedigree A at diagnosis (**c**) and those after 10 years (**d**). T2\*-weighted axial brain images of III:5 in pedigree B at diagnosis (**e**) and those after 7 years (**f**). T2-weighted axial brain images of his brother (III:6) at onset (**g**) and those at 4 years after surgery (**h**). White arrows: *de novo* cerebral cavernous malformations (CCMs); open arrow: a hypothalamic CCM before surgery. The T2-weighted sagittal spinal image of II:3 in pedigree B (**i**). The T2-weighted sagittal spinal image (**j**) and T2\*-weighted axial brain images (**k**) of the proband of pedigree C before surgery.](hgv201632-f1){#fig1}

![Results of genetic analysis. (**a**) DNA sequence chromatogram of the pedigree A proband (II:1), showing the heterozygous c.845+1G\>A mutation of *KRIT1*. (**b**) Agarose gel electrophoresis of reverse transcriptase PCR (RT-PCR) products covering exons 8--13 of *KRIT1*, showing altered splicing patterns of the c.845+1G\>A allele. (**c**) Sequencing of clones obtained from the RT-PCR amplicons revealed three types of splicing alterations. (**d**, **e**) DNA sequence chromatograms of frameshift *KRIT1* mutations detected in pedigrees B and C.](hgv201632-f2){#fig2}

###### Clinical summary of the patients examined for sequencing analysis

  *ID*                                *Age at diagnosis*                    *Sex*   *Type of disease*             *Neurological symptom*                               *MRI*                     *De novo formation*  *Follow-up period (years)*
  ----------------------------------- ------------------------------------ ------- ------------------- --------------------------------------------- ------------------------------------------ --------------------- ----------------------------
  *Pedigree A*                                                                                                                                                                                                        
   I:1                                53                                      M       Multiple CCM                     Asymptomatic                   [Figure 1c and d](#fig1){ref-type="fig"}           Yes          10
   III:1                              22                                      M       Multiple CCM                     Asymptomatic                                     N/A                              No           9
   III:2                              17                                      M       Multiple CCM                     Asymptomatic                                     N/A                              Yes          9
                                                                                                                                                                                                                       
  *Pedigree B*                                                                                                                                                                                                        
   II:3                               63                                      M            SCM          Numbness in the bilateral lower extremities      [Figure 1i](#fig1){ref-type="fig"}              N/A          1
   II:5                               50                                      M       Multiple CCM                     Asymptomatic                                     N/A                              N/A          Drop-out
   III:5                              25                                      M       Multiple CCM              Transient left hemiparesis            [Figure 1e and f](#fig1){ref-type="fig"}           Yes          7
   III:6[a](#t1-fn1){ref-type="fn"}   18 (22)[b](#t1-fn2){ref-type="fn"}      M       Multiple CCM               Consciousness disturbance            [Figure 1g and h](#fig1){ref-type="fig"}           Yes          4
                                                                                                                                                                                                                       
  *Pedigree C*                                                                                                                                                                                                        
   Proband                            73                                      M     SCM, multiple CCM                  Tetraparesis                   [Figure 1j and k](#fig1){ref-type="fig"}           N/A          3

Abbreviations: CCM, cerebral cavernous malformation; MRI, magnetic resonance imaging; N/A, not available; SCM, spinal cavernous malformation.

Individuals listed, except for III:6 of pedigree B, were analyzed by direct sequencing of the CCM genes.

Age at death.
